ABSTRACT The brown spruce longhorn beetle, Tetropium fuscum (F.), is an invasive wood-boring species in eastern Canada. Gas chromatographic/electroantennographic (GC/EAD) analyses of Norway and red spruce volatiles detected a number of consistent EAD-active responses to compounds that are known to be stress-induced in spruce. The effects of these EAD-active compounds on various aspects of adult behavior were tested. In two-choice olfactometer assays, a monoterpene spruce blend, (R)-(-)-linalool, (3Z,6E)-␣-farnesene, (E)-␤-farnesene and spruce essential oil were attractive to both sexes. However, when they were combined with the male-produced pheromone (fuscumol), they elicited a sex-speciÞc response: females were signiÞcantly attracted to combinations of fuscumol plus either (3Z,6E)-␣-farnesene, (E)-␤-farnesene and spruce essential oil but males were not. Fuscumol alone was unattractive to either sex in the olfactometer. Males exposed to fuscumol, (3Z,6E)-␣-farnesene, or a combination of both, but not (E)-␤-farnesene, were more likely to engage in the pheromone calling posture relative to controls. Both the monoterpene spruce blend and spruce essential oil elicited signiÞcantly greater trap capture of both sexes of T. fuscum in the presence of fuscumol and ethanol than (3Z,6E)-␣-farnesene or (R)-(-)-linalool, which did not elicit trap capture alone or in combination with fuscumol. The data support the hypothesis that stress-induced sesquiterpene components, such as (3Z,6E)-␣-farnesene, are important for mediating close-range attraction and behavior in T. fuscum while the monoterpene components are important for long-range processes (trap capture).
The brown spruce longhorn beetle, Tetropium fuscum (F.) (Coleoptera: Cerambycidae), is a Palearctic invasive species discovered near the port of Halifax, Nova Scotia, Canada, in 1999 (Smith and Hurley 2000) . In Europe it is not a pest species as it feeds primarily on stressed Norway spruce, Picea abies (L.) Karst. (Juutinen 1955) . In Nova Scotia, it is infesting and killing primarily red spruce, P. rubens Sarg. (but also white spruce, P. glauca (Moench) Voss, black spruce, P. mariana (Mill.) B.S.P., and Norway spruce) that appear healthy based on crown condition (Smith and Humble 2000) but which have very slow radial growth indicative of lower vigor (OÕLeary et al. 2003) .
The spread of T. fuscum poses a serious risk to the health of CanadaÕs forests and methods for early detection, monitoring, and control are needed. A high release rate synthetic blend of spruce monoterpenes [40:60 (-) :(ϩ)-␣-pinene, (-)-␤-pinene, (ϩ)-3-carene, (ϩ)-limonene, and ␣-terpinolene, hereafter referred to as spruce blend] combined with ethanol has been shown to attract T. fuscum and the related species, T. cinnamopterum Kirby and T. castaneum (L.) when used as bait in intercept traps (Sweeney et al. 2004 (Sweeney et al. , 2006 . In addition, a male-produced pheromone, (E)-6,10-dimethyl-5,9-undecadien-2-ol (geranyl acetol), which we named fuscumol, was identiÞed in T. fuscum and T. cinnamopterum (Silk et al. 2007) . When used as a lure, fuscumol was unattractive by itself, however when combined with the monoterpene spruce blend plus ethanol, it synergized the trap capture of both sexes (Silk et al. 2007 ). This was the Þrst homoterpenoid alcohol pheromone to be described for a Cerambycid and the Þrst reported from the subfamily Spondylidinae. Recently, this same terpenoid structural motif has also been reported in Hedypathes betulinus (Klug) (Fonesca and Zarbin 2009) and Steirastoma breve (Sulzer) (Liendo et al., personal communication) (Cerambycidae: Lamiinae).
The genus Tetropium is composed of several species that primarily infest "woody plants that are severely stressed, often to the point where death is imminent" (Hanks 1999 ). In addition, the adult Tetropium live only for 1Ð2 wk and do not feed (Schimitschek 1929 , Juutinen 1955 ), therefore they must locate a susceptible host, mate, and lay eggs very quickly after emergence. We hypothesize that host volatile chemistry is essential for mediating this behavior, particularly volatiles that indicate the severely stressed condition of the host.
Volatiles emitted by conifers consist of both constitutive compounds (Philips and Croteau 1999) and stress-induced terpenoids released in response to herbivore damage (Dicke 1999 , Paré and Tumlinson 1999 , Martin et al. 2002 , Dicke et al. 2003 . The survival of many plant species depends on the effectiveness of these stress-induced chemicals at either repelling pest organisms or attracting predators and parasitoids. Defensive compounds or "phytodistress signals" (Paré and Tumlinson 1999) may also play a role in the behavior of wood-boring beetles by helping them to locate a weakened host (Allison et al. 2004 ) and perhaps stimulating behavior such as oviposition, pheromone calling, and mating on the host tree.
Defensive compounds in spruce have also been experimentally induced by mechanical injury and fungal infection (Christianson et al. 1999) These studies observed an increase in the abundance of several compounds including methyl salicylate, (R)-(-)-linalool, (E)-␤-farnesene, (3E,6E)-␣-farnesene, (3Z,6E)-␣-farnesene, and (E)-␣-bisabolene. It has also been shown that treatment with methyl jasmonate (MeJA), induces a late step in the signal transduction of the defense response, resulting in a volatile-chemical stress response in conifers including Norway spruce (see Martin et al. 2002 Martin et al. , 2003 Huber et al. 2005; Miller et al. 2005) .
In this study, we report the identiÞcation of EADactive compounds that link the insect to the host volatile chemistry of red and Norway spruce; we were particularly interested in volatile components that previous studies have identiÞed as weakly constitutive, stress-induced compounds. We then tested the impact of these EAD-active compounds (alone and in the presence of fuscumol) on various aspects of adult behavior including long-range and short-range attraction, pheromone release (i.e., calling behavior), and oviposition behavior.
Methods and Materials
Source of Beetles. Adult T. fuscum were reared from bolts (35 cm long ϫ 20 Ð 40 cm diameter) cut from infested white or red spruce in Halifax, NS; their containment, treatment, sexing and storage have been reported previously (Sweeney et al. 2004 , Silk et al. 2007 .
Instrumental and Source of Chemicals. Extracts and synthetics were analyzed by gas chromatography/ mass spectrometry (GC/MS), NMR ( 1 H and 13 C) and IR as previously reported (Silk et al. 2007) . (E)-␤-farnesene was obtained from Bedoukian Research (Danbury, CT) at Ϸ90% purity. Only (3Z,6E)-␣-farnesene was synthesized in-house. All other chemicals were obtained from Sigma-Aldrich and used as received unless stated otherwise. Mixtures were puriÞed by column chromatography using SilicaFlash F60 (230 Ð 400 mesh) (Ramaiah et al. 1995) ; all reactions were conducted under argon.
Synthetic Chemistry. (3Z,6E)-␣-farnesene was prepared as previously reported (Ramaiah et al. 1995) yielding a 3:1 mixture of (3Z,6E)-␣-farnesene and (3E,6E)-␣-farnesene with a three-step, overall yield of 15% and the stereoselectivity of the elimination (Buss et al. 1983 , Clayden et al. 1996 favoring the active kairomone, (3Z,6E)-␣-farnesene. Removal of (3E,6E)-␣-farnesene was achieved by a selective Diels-Alder reaction using the dienophile tetracyanoethylene (TCNE) (Ramaiah et al. 1995) . At room temperature, (3Z,6E)-␣-farnesene does not react with TCNE because of a thermal barrier hindering the rotation of the diene moiety into the required s-cis conformation. GC/MS analysis of (3Z,6E)-␣-farnesene, using a low injector temperature (120ЊC), revealed a purity of 92% (four minor farnesene isomers were suspected to form during the analysis by thermal rearrangement). The product is unstable and was kept in 10% pentane solution in the dark at Ϫ20ЊC until used (Ramaiah et al. 1995) with 0.1% BHT added. Spectral data for (3Z, 6E)-␣-farnesene ( GC/EAD Analyses. GC/EAD protocols have been previously described (Silk et al. 2007) . A Varian CP-3380 gas chromatograph with a ßame ionization detector (FID) was modiÞed for use with a GC-EAD signal recording device (IDAC-232). Syntech GC-EAD software v.2.6 (Syntech, The Netherlands) was used to analyze the data.
Spruce essential oil (Aromatics International, Sarasota, FL) was tested for GC/EAD responses. This essential oil was commercially steam distilled from the needles of common spruce (Picea communis, a synonym of Norway spruce, P. abies) and provided an inexpensive, high-quality sample for GC/EAD assays (hereafter called spruce oil). GC/MS analysis determined that this oil very closely resembled the chemical composition of red spruce needle volatiles both in the monoterpene and sesquiterpene ranges. The spruce oil contained ([R]-[-]-linalool, E-␤-farnesene, and [3Z,6E]-␣-farnesene), several monoterpenes including the Þve in the spruce blend (Sweeney et al. 2006) , as well as several other terpenes (unpublished data, P.J.S., J.S.).
EAG Analysis. The responses of antennae from male and female T. fuscum were tested to racemic fuscumol, spruce oil, three stress-related terpenes ((R)-(-)-linalool, E-␤-farnesene, and (3Z,6E)-␣-farnesene), and a solvent control. We placed 1 l of a 25 mg/ml dilution of each compound on a strip of Þlter paper inside a glass pipette. Each antenna was given a single puff of each treatment (including the hexane control) in a random order, with 2 min between each puff. The absolute amplitude of each response was then converted to a proportion of the response to the control for subsequent statistical analyses.
Males and females were compared for antennal response (proportional to the hexane control) to each compound (except spruce oil) using standard t-tests on log(yϩ1) transformed data and the Bonferroni correction. SatterthwaiteÕs approximation was used to compare male and female response to spruce oil because variances were unequal. A repeated measures analysis of variance (ANOVA) was used to test for the effect of compound on antennal response using pooled data for both sexes and individuals as blocks. Residuals from the standard ANOVA were signiÞ-cantly non-normal (Shapiro-Wilk W ϭ 0.94, P Ͻ 0.05) so the ANOVA was subsequently carried out using data converted to ranks (Friedman test; Zar 1999) .
Olfactometer Bioassays. A Y-tube olfactometer (Analytical Research Systems Inc., Gainesville, FL) was used to test for short-range attraction to several potential kairomones. The glass tube (1.5 cm internal diameter) had an 11-cm main stem that branched into two 9 cm arms. Each arm was then connected to a separate glass tube that contained the stimulus. Charcoal Þltered air was passed through distilled water and then into each of the two arms at 1.2 liter/min. The treatments tested were spruce oil, spruce blend, (3Z, 6E)-␣-farnesene, (E)-␤-farnesene, (R)-(-)-linalool, and racemic fuscumol. We also tested combinations of racemic fuscumol with different host volatiles: spruce oil ϩ fuscumol; (3Z,6E)-␣-farnesene ϩ fuscumol; (E)-␤-farnesene ϩ fuscumol; (R)-(-)-linalool ϩ fuscumol; and spruce blend ϩ fuscumol. For all treatments, 25 g of each stimulus and 10 g of fuscumol were used. The test stimulus was diluted in hexane and placed on a strip of Þlter paper (5 ϫ 20 mm), and placed in the tube connected to one arm of the olfactometer. An identical Þlter paper with the same volume of solvent was placed in the glass tube attached to the other arm of the olfactometer. The entire apparatus was rinsed thoroughly with acetone between treatments, and the arm attached to the test stimulus was randomized between replicates. A racemic mixture of fuscumol was used for all treatments because preliminary tests showed no differences in behavioral response to the racemic mixture compared with the beetle-produced (S)-enantiomer (unpublished data, P.J.S.). For each trial, a single T. fuscum (male or female) was placed at the end of the main stem and given 10 min to choose between the two stimuli. A choice was recorded when the beetle passed a Þnish line located 7 cm beyond the branch point of each arm; no choice was recorded if the beetle failed to pass either Þnish line after the 10 min period. Data from beetles that did not select either the stimulus or the control (Ϸ20% of T. fuscum assayed) were recorded but not included in the statistical analysis. Each beetle was used only once and approximately equal numbers of males and females were tested with each compound. Contingency tables (2 ϫ 2) and the log-likelihood G-test were Þrst used to test whether response to each compound was independent of sex, and if so, data were pooled for both sexes and 2 tests as well as log likelihood ratio tests were used to evaluate whether the test stimulus attracted signiÞcantly more beetles than the solvent control (SAS Institute 1999 Ð2001).
The same apparatus was used to test whether T. fuscum showed a preference for either Norway (their native host) or red spruce (the predominant host in Canada). In this assay, 8-cm spruce branches cut from 3-yr-old saplings of each species were used as the olfactometer stimuli. For each treatment, a single T. fuscum was place in one end of the olfactometer and given 10 min to choose between the two spruce species; 30 replicates were carried out for each sex and data were analyzed as above. Calling Bioassays. Previous work identiÞed the calling posture of T. fuscum, demonstrated that the presence of conspeciÞc males elicits an increase in the occurrence of the calling posture, and that synthetic fuscumol had a similar effect (Lemay et al. 2010 ). Because T. fuscum adults do not feed, emerge from the host sexually mature and ready to mate, and live only 1Ð2 wk, it is likely they mate on host trees. If that is the case, then males may be stimulated to emit fuscumol when they detect host volatiles associated with stressed spruce, such as (3Z,6E)-␣-farnesene. We tested the stress-induced volatiles (3Z,6E)-␣-farnesene, (E)-␤-farnesene, and (R)-(-)-linalool to determine if they stimulated the calling posture in males. This assay was conducted in an enclosed Plexiglas rectangular arena olfactometer (450 cm 3 ). The test stimulus was diluted in hexane and placed on a strip of Þlter paper (5 ϫ 20 mm). A steady airßow passed over the test stimulus, and entered the arena through a hole at one end. The treatments tested were: fuscumol 10 g; (3Z,6E)-␣-farnesene 25 g; fuscumol 10 g ϩ (3Z,6E)-␣-farnesene 25 g; (E)-␤-farnesene 25 g; (R)-(-)-linalool 25 g; and hexane (control). A single male T. fuscum was placed in the arena and observed for 10 min for the presence of the calling posture; males were used only once (n ϭ 20 Ð26 males/treatment). Contingency tables and the log-likelihood ratio were used to test whether the proportion of male T. fuscum calling differed with exposure to different compounds, starting by comparing all treatments (6 ϫ 2 table) and subdividing the contingency tables as a means of post hoc ranking of treatments (Zar 1999) .
Oviposition Assays. Female T. fuscum were Þrst placed in individual petri dishes with a male of equal size for 6 h to ensure that they had all recently mated. Each female was then transferred to a new petri dish with black construction paper covering the entire inside surface of the dish and lid. Preliminary observations revealed that females readily oviposit on this substrate, and the black color makes it easy to see the small white eggs. In the Þrst assay, a small square of black paper with either 1 l of hexane (control) or 25 g of (3Z, 6E)-␣-farnesene (in hexane) was placed along with the female in the dish (n ϭ 10 females per treatment). In the second assay, a small square of black paper with either 1 l of hexane (control) or 25 g of (R)-(-)-linalool (in hexane) was placed along with the female in the dish (n ϭ 11 females per treatment). A small vial of water was also added to the dish to keep the beetles hydrated. The stimulus was replenished twice per day for all replicates. The number of eggs was measured once per day; observations continued until the female died (an average of 2Ð3 d after mating). The mean cumulative numbers of eggs laid per day (1, 2, 3, and 4) were compared between females exposed to farnesene versus the hexane control using standard t-tests on data transformed by log(yϩ1). Too few females laid any eggs in the assay comparing linalool versus the hexane control to use t-tests (many zeros), so we simply compared the proportion of females that laid eggs versus those that did not over the entire 4 d period using a 2 ϫ 2 contingency table.
Field Trapping. Field trapping was carried out on McNabs Island, Halifax, Nova Scotia, from 3 June through 28 July 2009 to test for long-range attraction to a variety of potential kairomones, using Colossus traps (Contech Inc., Delta, British Columbia) (Sweeney et al. 2006 , Silk et al. 2007 ). The forest on McNabs Island is dominated by mature white and red spruce and balsam Þr, Abies balsamea (L.) Mill. The treatments were: (1) spruce blend ϩ fuscumol (Fusc) ϩ ethanol (E); (2) spruce oil ϩ Fusc ϩ E; (3) (3Z,6E)-␣-farnesene (Farn 1) ϩ Fusc ϩE; (4) farnesenes (commercial mixture) (Farn 2) ϩ Fusc ϩ E; (5) spruce blend ϩ Fusc; (6) spruce oil ϩ Fusc; (7) Farn 1 ϩ Fusc; (8) Farn 2 ϩ Fusc; (9) Fusc ϩ E; and (10) unbaited (control) trap. The treatments were replicated 10 times in a randomized complete block design with 30 m between traps and blocks. Each trap was suspended from a rope tied between trees separated by Ͼ2 m, with the collecting bucket 10 Ð20 cm above the ground. Traps were checked weekly and specimens were preserved in 70% ethanol. All Tetropium spp. were identiÞed to species and sex and voucher specimens retained at Atlantic Forestry Centre.
Pheromone was dispensed as previously described (Silk et al. 2007 ) and each lure contained Ϸ20 mg of synthetic racemic fuscumol. Spruce blend volatiles and ethanol were dispensed from two ultra high release rate lures, one containing T. fuscum kairomone (spruce blend, released at Ϸ2,000 mg/d (Sweeney et al. 2006) ), and one containing ethanol released at 275 mg/d (Contech Inc.). The ultra high release rate spruce blend and ethanol lures, along with fuscumol, are the lures used to bait traps in operational surveys for T. fuscum in North America, and were included as a standard for comparison with the kairomone candidates. The spruce blend lures had a Þeld life of Ϸ90 d at 21Ð24ЊC, so were not replaced for the 8-wk duration of the experiment. The pheromone lures were replaced once, after 4 wk. It was not feasible to test the experimental kairomones at the same high release rates as in the standard spruce blend and ethanol lures, nor was it desirable, because we wanted to compare the standard kairomone lures with the more complex and complete blend of mono-and sesquiterpenes found in the spruce oil, but at lower release rates. Spruce oil dispensers, loaded with 1 g of oil, consisted of 152.4 m thick polyethylene sealed pouches that housed three cardboard strips measuring 3 ϫ 7 ϫ 0.1 cm, which were stacked and wrapped in a screen mesh that acted as a buffer between the cardboard and outer plastic layer. Release rates at a constant 20ЊC peaked at 135 mg/d on day 2 and declined to 20 mg/d by day 14; outdoors, the release rate was increased up to 57% with daily maximum temperatures ranging from 12 to 30ЊC. The mixed farnesenes (Farn2) were loaded (1 g per lure) into similar dispensers but with UV-blocking, 78.7 m thick polyethylene plastic (Uline, Ontario, Canada), which had release rates of 8 Ð14 mg/d at 20ЊC over a 14 d period; release rates were not enhanced outdoors, likely because of the low volatility of the farnesenes. (3Z, 6E)-␣-farnesene (Farn1) was loaded into a 1.5 ml black microcentrifuge tube (Argos Tech-nologies) with a 1 mm hole in the cap. A pipe cleaner wick was inserted through the cap hole and cut so that 1 mm protruded from the tube. These dispensers released Ϸ1.5 mg/day at 20ЊC.
In a separate test conducted later in the ßight season of T. fuscum (27 JulyÐ27 August 2009), the effect of (R)-(-)-linalool on trapping T. fuscum was assessed. The site was a mature red spruce stand (24 Ð37 cm DBH) near Kelly Lake close to Halifax International Airport, Nova Scotia. The treatments were: spruce blend ϩ fuscumol ϩ ethanol; (R)-(-)-linalool ϩ fuscumol ϩ ethanol; (R)-(-)-linalool ϩ ethanol; and a control (blank) trap. PT Intercept traps (AlphaScents, Portland, OR) were deployed as described for the spruce oil experiment and treatments were replicated X times in a randomized complete block design. (R)-(-)-linalool lures were prepared in the same manner as spruce oil dispensers and were loaded with 1 g of the alcohol. This test was placed out on 27 July and terminated on 20 August 2009.
For both Þeld trapping bioassays, data for total catch per trap were transformed by log 10 (yϩ1), subjected to ANOVA and means compared using the RyanEinot-Gabriel-Walsh (REGW) multiple range test (SAS Institute 1999 Ð2001). Residuals were checked for normality using the Shapiro-Wilk and KomogorovSmirnov tests and if signiÞcantly non-normal, the data were rank transformed and the ranks subjected to ANOVA and the REGW test (Friedmans test; Zar 1999).
Results

GC/EAD Analyses. GC-EAD analysis of T. fuscum
antennae to spruce volatiles revealed a number of consistently antennally active monoterpenes, including camphene (not in spruce blend) and one highly antennally active compound in the sesquiterpene range of spruce essential oil (Fig. 1a) . A consistent GC-EAD response to a component of the commercial mixture of farnesene isomers was found; this isomer had an identical retention time and EI-mass spectrum to the unknown compound in spruce oil (Fig. 1b) . To narrow down the identity of the antennally active sesquiterpene, the commercial mixture of isomers was treated with tetracyanoethylene (TCNE) to remove all Diels-Alder-reactive farnesene isomers. The TCNE-treated mixture still contained the antennally active component. The unknown compound was, therefore, likely a speciÞc isomer of ␣-farnesene not targeted by the powerful dienophile. The EI-mass spectrum of the unknown closely matched that of an ␣-farnesene isomer (NIST mass spectral libraries) and was identiÞed as (3Z, 6E)-␣-farnesene. We tested synthetic (3Z, 6E)-␣-farnesene and (3E, 6E)-␣-farnesene (a mixture obtained from synthesis) and obtained a consistent GC/EAD response to the (3Z,6E)-␣-farnesene isomer, which had an identical retention time to the unknown sesquiterpene in the spruce oil (Fig.  1c ). An antennal response to (3E, 6E)-␣-farnesene was also observed in a small number of replicates but was much weaker in amplitude.
EAG Analysis.
There were no signiÞcant differences between sexes in response to any of the test compounds (t ϭ 0.19 Ð1.38; df ϭ 16; P ϭ 0.20 Ð 0.85). Antennal response differed signiÞcantly among individuals (F ϭ 3.32; df ϭ 17, 68; P ϭ 0.0002) and test compounds (F ϭ 19.4; df ϭ 4, 68; P Ͻ 0.0001), with greatest response to spruce oil (Fig. 2) .
Olfactometer Assays. When the potential kairomones were tested alone, there were no differences between males and females in response to any single test compound in the olfactometer (G ϭ 0.0 Ð 0.75; P ϭ 1.0 Ð 0.39) so data were pooled. T. fuscum responded positively in the olfactometer to all test compounds but the effect was not signiÞcant for fuscumol (Fig. 3) . This was consistent with the results of the 2 analysis: T. fuscum exhibited a signiÞcant positive taxis toward spruce oil, monoterpene spruce blend, (3Z,6E)-␣-farnesene, (E)-␤-farnesene, and (R)-(-)-linalool compared with the hexane control. T. fuscum did not show any preference to racemic fuscumol compared with the control. Fig. 2 . EAG puff data; 10 g of each test compound was puffed over a T. fuscum antenna. The magnitude of the response (pooled data from males and females; not signiÞ-cantly different) was recorded as a percentage of a control (hexane) puff. Bars represent mean response Ϯ SE. Means with different letters were signiÞcantly different (ANOVA and REGW means comparison on data converted to ranks (Friedmans test). Fig. 3 . Results from two-choice olfactometer behavioral assays comparing response of T. fuscum to different host odors (25 g doses) or racemic fuscumol (10 g dose) versus a hexane control. Males and females did not differ in response to any treatment, so data were pooled and numbers responding to each test treatment versus the control were compared using 2 analyses: 2 (df, n).
When the same potential kairomones were combined with fuscumol, females were signiÞcantly attracted to all treatments but males were signiÞcantly attracted only to combinations of fuscumol plus either linalool or spruce blend (Fig. 4) . However, when analyzed by 2 ϫ 2 contingency tables, there were no signiÞcant differences between males and females in response to any blend of a single kairomone plus fuscumol (G ϭ 0.03Ð3.64; P ϭ 0.867Ð 0.057), although response to the combination of (E)-␤-farnesene and fuscumol was only marginally insigniÞcant (G ϭ 3.64; P ϭ 0.057). Neither male ( Calling Bioassay. A 6 ϫ 2 contingency table analysis indicated that proportion of T. fuscum calling differed among the treatments (G ϭ 11.72; df ϭ 5, P ϭ 0.04). Subdividing the contingency tables indicated no signiÞcant differences in calling between hexane and (E)-␤-farnesene (2 ϫ 2 table; G ϭ 1.23; df ϭ 1; P ϭ 0.27) or between the other four treatments (4 ϫ 2 table; G ϭ 0.98; df ϭ 3; P ϭ 0.81) but there was a signiÞcant difference between the pooled response of the latter four treatments versus the pooled response of hexane and (E)-␤-farnesene (2 ϫ 2 table; G ϭ 9.52; df ϭ 1; P ϭ 0.002) (Fig. 5) .
Oviposition Assays. Neither (3Z,6E)-␣-farnesene nor (R)-(-)-linalool stimulated oviposition by T. fuscum females. (3Z,6E)-␣-farnesene did not affect the mean cumulative number of eggs laid on days 1, 2, 3, or 4 ((3Z,6E)-␣-farnesene mean cumulative number of eggs Ϯ SE: day 1 ϭ 4.5 Ϯ 3.4; day 2 ϭ 6.4 Ϯ 4.2; day 3 ϭ 8.0 Ϯ 4.7; day 4 ϭ 12.4 Ϯ 6.0; Hexane mean cumulative number of eggs Ϯ SE: day 1 ϭ 4.4 Ϯ 2.6; day 2 ϭ 15.7 Ϯ 7.5; day 3 ϭ 23.8 Ϯ 12.0; day 4 ϭ 27.7 Ϯ 14.7; t ϭ 0.56 Ð1.44; df ϭ 14 Ð18; P ϭ 0.17Ð 0.58). (R)-(-)-linalool did not affect the proportion of females that oviposited (G ϭ 0.23; P ϭ 0.63).
Field Trapping. In the Þrst experiment, mean catch of T. fuscum differed signiÞcantly among treatments (F ϭ 8.02; df ϭ 9, 81; P Ͻ 0.0001) but only traps baited with spruce blend ϩ fuscumol ϩ ethanol, and spruce oil ϩ fuscumol ϩ ethanol captured signiÞcantly more than unbaited traps (Fig. 6 ). Results were similar when analyzed separately for males (F ϭ 9.69; df ϭ 9, 81; P Ͻ 0.0001) and females (F ϭ 4.61; df ϭ 9, 81; P Ͻ 0.0001) and overall sex ratio (% male) was 50%. In the second trapping experiment, catch (mean Ϯ SE) per trap differed signiÞcantly among treatments (F ϭ 3.74; df ϭ 3,27; P ϭ 0.023) but only spruce blend ϩ fuscumol ϩ ethanol (3.74 Ϯ 1.78) captured more T. fuscum than unbaited traps (0.1 Ϯ 0.1) (Friedmans ANOVA on ranks). Neither (R)-(-)-linalool ϩ fuscumol ϩ ethanol (0 Ϯ 0) nor (R)-(-)-linalool ϩ ethanol (0.20 Ϯ 0.13) were effective at trapping T. fuscum. Sex ratio was female biased in the second experiment (35% males); this was not unexpected, because most beetles were captured in traps baited with the standard lures (spruce blend ϩ fuscumol ϩ ethanol) and catch in such traps is often female biased (Silk et al. 2007 ). Catches in the Þrst trapping experiment were lower than expected, possibly because large numbers of spruce trees on McNabs Island have died in the last few years because of Hurricane Juan (2003), T. fuscum, or the native spruce beetle, Dendroctonus rufipennis (Kirby), and are no longer suitable brood material. Catches in the second experiment were low because it was conducted from late July to late August, long after T. fuscum ßight had peaked in mid-June (J. S., unpublished data). 
Discussion
Many cerambycids are attracted to conifer volatiles (Allison et al. 2004 ) and the critical role of the host in the chemical ecology of T. fuscum, and indeed many cerambycids (Hanks 1999) , prompted our further investigation of synergies between spruce volatiles and the pheromone. This study identiÞes spruce volatiles that T. fuscum may use for host and mate location and has contributed to our understanding of the chemical ecology of this insect. (3Z,6E)-␣-farnesene, (E)-␤-farnesene, and (R)-(-)-linalool, among others, are all stress-induced compounds that can be elicited by MeJA treatment and insect herbivore feeding in both Norway and red spruce saplings (Miller et al. 2005 , Pettersson 2007 P. J. S. et al., unpublished data) . Each of these compounds elicited strong antennal responses in T. fuscum. In a laboratory olfactometer, when tested alone, spruce blend (a blend of Þve monoterpenes), (3Z,6E)-␣-farnesene, (E)-␤-farnesene, and (R)-(-)-linalool, and spruce essential oil, which contained all of the previous compounds plus others, were attractive to male and female T. fuscum but fuscumol was not. When each compound was combined with fuscumol, there was some evidence for a sex-speciÞc response, with only females being attracted to combinations of fuscumol plus either (E)-␤-farnesene, (3Z,6E)-␣-farnesene or spruce oil, whereas males showed no signiÞcant preference relative to solvent controls. Conversely, fuscumol plus either spruce blend or (R)-(-)-linalool was strongly attractive to both sexes.
Results from Þeld trapping bioassays were not consistent with those from the olfactometer. Spruce blend and spruce oil elicited the highest trap captures of T. fuscum when combined with both fuscumol and ethanol, and were the only two treatments that caught signiÞcantly more than unbaited traps. Although it was attractive in the olfactometer, (3Z,6E)-␣-farnesene did not affect the numbers of T. fuscum captured in traps when tested by itself or when combined with fuscumol or fuscumol plus ethanol. It is possible that the apparent lack of attraction of some lures in Þeld bioassays was due in part to large differences in release rates among lure treatments, for example, Ͼ1,000-fold for spruce blend (2 g/d) versus (3Z,6E)-␣-farnesene (1.5 mg/d). The much higher ßux of volatiles dispersing from a spruce blend lure compared with a farnesene lure could conceivably draw beetles from much further away, thus resulting in greater catch in traps. However, mean catch did not differ between traps baited with spruce blend ϩ fuscumol ϩ ethanol versus those baited with spruce oil ϩ fuscumol ϩ ethanol, despite the Ϸ200-fold greater release rate of the spruce blend lure (2 g/d) compared with the spruce oil lure (20 mg/d). A possible explanation for comparable attraction in the much lower release rate spruce oil lures is that they contained a much more complete blend of spruce mono-and sesquiterpenes than are found in the spruce blend lures.
Electrophysiological responses of antennae (GC/ EAD) to (3Z,6E)-␣-farnesene and a similar isomer, (3E,6E)-␣-farnesene have been observed in a variety of insect species (Yarden et al. 1996 , Tasin et al. 2005 , Rodriguez-Saona et al. 2006 , Wei and Kang 2006 , Cha et al. 2008 . In several cases, the isomers of ␣-farnesene have been linked to a speciÞc behavioral response such as taxis (Landolt et al. 2000 , Wei and Kang 2006 , Cha et al. 2008 , oviposition (Sutherland et al. 1977) , and alarm calling (Š obotnik et al. 2008) . The importance of (3Z,6E)-␣-farnesene in oviposition behavior has been shown in the interaction between codling moths, Cydia pomonella (L.) (Lepidoptera: Tortricidae) and their host apple tree (Sutherland et al. 1977 , Yan et al. 2002 ; in that system, (3Z,6E)-␣-farnesene is emitted by the host apple tree, with increased production during the growth season as the fruit matures. The increased concentration of (3Z,6E)-␣-farnesene acts as a powerful oviposition stimulant for the codling moth, prompting it to lay eggs in the mature fruit. However in our study, (3Z,6E)-␣-farnesene did not appear to inßuence oviposition behavior of T. fuscum females.
There was a strong short-range attraction by both sexes of T. fuscum to (R)-(-)-linalool both alone and when combined with the male-produced pheromone, suggesting it may be an important short-range kairomone. However, (R)-(-)-linalool had no effect on mean catch of T. fuscum in Þeld trapping bioassays so does not appear to be a long-range attractant in T. fuscum. Nehme et al. (2009) demonstrated that (R)-(-)-linalool was an attractant for the Asian longhorn beetle, Anoplophora glabripennis (Motshulsky) (Coleoptera: Cerambycidae), at both close-range using an olfactometer and at long-range as evidenced by trapping; in both cases, the effect of (R)-(-)-linalool was greatest when combined with the sex pheromone.
A model of insect/host recognition is now beginning to emerge from these data that involves the maleproduced sex pheromone and constitutive and/or induced terpenoid chemistry of the host. Volatile compounds released by the host may be partitioned by how they affect the insectÕs behavior. The highly volatile monoterpene components of spruce are likely used for long-range attraction of T. fuscum to the host (as evidenced by high trap catch in the Þeld and attraction in the olfactometer). In contrast, the less volatile sesquiterpene component(s) of spruce volatiles may be important for close-range behavior of T. fuscum after it arrives on the host. This is supported by results of (3Z,6E)-␣-farnesene, a sesquiterpene, which did not affect trap catch in the Þeld, yet was highly attractive in the olfactometer (close-range), and also stimulated male calling. The possible role(s) of other stress-induced host volatiles is presently being studied.
